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Abstract  A near infrared (NIR) electrochromic attenu-
ator based on a dinuclear ruthenium complex and polycrys-
talline tungsten oxide was fabricated and characterized. The 
results show that the use of the NIR-absorbing ruthenium 
complex as a counter electrode material can improve the 
device performance. By replacing the visible electrochromic 
ferrocene with the NIR-absorbing ruthenium complex, the 
optical attenuation at 1550 nm was enhanced from 19.1 to 
30.0 dB and color efficiency also increased from 29.2 to 121.2 
cm
2
/C. 
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Electrochromism refers to a reversible change in optical 
properties such as colors or transparency of materials dur-
ing electrochemical redox reactions under the applied 
voltages[1,2]. Most studies focus on electrochromism in the 
visible region (e.g., 400―760 nm). Variable optical at-
tenuator (VOA) is a key component in telecommunica-
tions and is primarily used to control the input and output 
signals in the wave division multiplexing system. Variable 
optical attenuators currently used in fiber-optic communi-
cations are mainly a microelectromechanical type of de-
vices, which are difficult to be incorporated into the future 
planar integrated photonic devices[3]. Recently, near infra-
red (NIR) active materials have been proposed for use in 
opto-electronic devices that are operated at the telecom-
munication wavelengths (e.g., 1310 and 1550 nm)[4].  
Typical NIR-absorbing EC materials include tungsten 
oxide (WO3)[5], mixed-valence Mo complex[4], conjugated 
polymers such as polyaniline and polythiophene[6]. We 
recently reported a new elelctrochromic VOA or ECVOA 
based on mixed-valence ruthenium complex and amor-
phous WO3[7―11]. Nortel Networks disclosed a VOA based 
on a single layer of WO3 with a large dynamic attenuation 
(~50 dB) but a rather poor reversibility[12]. Since the ru-
thenium complex and WO3 are the anodically and ca-
thodically NIR-coloring materials, respectively, an elec-
trochromic device using both of them should be simpler to 
make and perform better than the one based on a single 
NIR-absorbing material. However, due to its relatively 
low charge density, a thin film of the ruthenium complex 
is not suitable for use as a counter electrode material to 
match polycrystalline WO3 film with high charge density. 
If using a thicker film of the ruthenium complex as a 
means to increase the charge density, the device is likely 
to suffer from a slower response time due to slower diffu-
sion of ions through thick films. Thus, in order to match 
the required charge density and improve the device per-
formance, we propose and demonstrate the use of a solu-
tion of the NIR-absorbing ruthenium complex (D-Ru) in a 
transmission-mode ECVOA device.  
1  Experimental 
The D-Ru complex with a molecular weight of 3138 
(Fig. 1) was synthesized according to the reported proce-
dure[7]. There are a total of six ruthenium atoms or three 
pairs of the dinuclear ruthenium units linked by a non- 
conjugated core in each D-Ru. There are three redox states 
for each dinuclear pair: RuII/RuII, RuII/RuIII and RuIII/RuIII. 
Among them, only the one in the mixed-valence RuII/RuIII 
state has a strong absorption at 1550 nm. WO3 is a known 
electrochromic material and can be made by electrode-
postion, sol-gel, CVD, vacuum deposition and sputter[5]. 
In this work the thin film of WO3 was made by vacuum 
deposition. WO3 powders were purchased from Aldrich 
Canada Ltd. and ITO-coated glasses were purchased from 
Delta Technologies in the US. The WO3 film was depos-
ited onto clean ITO-coated glass under dynamic vacuum 
of 10-4 Pa. The film thickness is controlled by a quartz 
oscillator to be about 300 nm. The deposited film was then 
annealed at 450℃ for 30 min to yield a polycrystalline 
film. The film structure was characterized by X-ray dif-
fraction analysis. 
 
 
Fig. 1.  Molecular structure of D-Ru complex. 
 
The ECVOA device works in a transmission mode (Fig. 
2) and is fabricated as follows: a pair of WO3-coated ITO 
glass and clean ITO glass were assembled in a sandwich 
structure using a polyethylene spacer to provide a 100-μm  
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Fig. 2.  ECVOA device configuration. 
 
gap. Then, a solution of ferrocene (Fc) (0.1 mol/L) or 
D-Ru (0.01 mol/L) containing LiClO4 (0.1 mol/L) in pro- 
pylene carbonate was injected into the cell gap. The de- 
vice performance was characterized using a Perkin-Elmer 
Lambda 900 UV/Vis/NIR spectrophotometer hyphenated 
with a BAS100B/W electrochemical workstation. The 
change in optical transmittance over time was determined 
under a constant or square-wave voltage applied by the 
electrochemical workstation. 
2  Results and discussion  
Fig. 3 shows the X-ray diffraction patterns of WO3/ITO 
and blank ITO glass. There are three peaks at 21.3°, 30.3° 
and 35.3° attributed to ITO and additional three peaks at 
24.3°, 34.0° and 41.6° from the annealed WO3, corre-
sponding to the (200), (201) and (221) surfaces of poly-
crystalline WO3[13], which confirms the polycrystalline 
morphology of the annealed WO3 films.  
 
Fig. 3. The X-ray diffraction patterns of annealed WO3//ITO and ITO 
glass. 
 
Variable optical attenuators used in telecommunications 
are mainly characterized by three parameters, dynamic 
range of attenuation, response time and color efficiency. 
The attenuation is defined as 
 A = 10log(I0/Ia), (1) 
where A is the attenuation range between the bleached and 
colored states, and I0 and Ia are the intensity of the light 
before and after being attenuated, respectively. For practi-
cal applications, the attenuation range is required to be at 
least 20 dB. The attenuation (A) can be expressed in terms 
of change in optical density (OD) that is often used to 
characterize electrochromic devices. 
 A = 10ΔOD(λ), (2)  
at a given wavelength, ΔOD(λ) is expressed as 
 ΔOD(λ) = log[Tb(λ)/Tc(λ)], (3) 
where Tb is the transmittance of the device in the bleached 
state or the state that the device does not absorb the light; 
Tc is the transmittance of the device in the colored state or 
the NIR-absorbing state.  
Fig. 4 shows the dependence of optical attenuation at 
1550 nm on the applied voltages for the two devices: (A) 
ITO/WO3/Fc/ITO and (B) ITO/WO3/D-Ru/ITO. Ferrocene 
was used as a reference for D-Ru, since it is not NIR elec-
trochromic attenuator. At 0.5 V, the two devices performed 
similarly, with attenuation of 1.3 dB for device A and 0.7 
dB for device B, which is due to the fact that D-Ru could 
not be fully oxidized to its NIR-absorbing RuII/RuIII state 
at the given voltage. Evidently, as the voltage increased 
from 0.5 to 2.0 V, the attenuation range of both devices 
increased but device B containing D-Ru outperformed 
device A. At 2.0 V, the attenuation of devices A and B was 
19.1 and 30.0 dB, respectively. From 2.0 to 3.0 V, the at-
tenuation of both devices did not change. Thus, these re-
sults indicated that the applied voltage should reach 2.0 V 
and the attenuation range is about 50% higher for the de-
vice consisting of the ruthenium complex than the one 
containing ferrocene.  
 
 
Fig. 4. The dependence of optical attenuation at 1550 nm on the applied 
voltages. Device A: ITO/WO3/Fc/ITO (■); device B: ITO/WO3/D- 
Ru/ITO (●). 
 
The response time of a VOA refers to the time needed 
for the device to switch from the one state to another state. 
It can be taken as the time for either a total or partial  
(90%) attenuation. For a typical VOA, the response time 
is required to be in a range of milliseconds to seconds. Fig. 
5 shows the changes in transmittance at 1550 nm over 
time for devices A and B at 2.0 V. Within 100 s, both de-
vices reached its own minimum of the transmittance or 
total attenuation of the light at 1550 nm, whereas for 90% 
partial attenuation the response time for devices A and B 
was 2.5 and 5.4 s, respectively.  A slower response for 
device B is attributed to a longer time required for oxida-
tion of the less concentrated D-Ru solution. 
Color efficiency (CE) is an important parameter for 
evaluation of electrochromic materials or devices and de-
fined as the ratio of change in optical density (ΔOD) to the  
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Fig. 5.  Changes in transmittance at 1550 nm over time of devices A and 
B at 2.0 V.  
 
charge density (Qd) or injected/ejected charge as a func-
tion of the electrode area during a redox process. At a 
given wavelength, CE is expressed as 
 CE(λ) = ΔOD(λ)/Qd. (4) 
By calculating eq. (3), the ΔOD values at 1550 nm for 
devices A and B are 1.91 and 3.01, respectively. Since the 
charges were measured by an electrochemical means to be 
7.81×10−2 for device A and 2.97×10−2 for device B, their 
charge densities (Qd) were 6.51×10−2 and 2.48×10−2 C/cm2, 
respectively, according to the electrode area of 1.2 cm2. 
From eq. (4), color efficiency of devices A and B at 1550 
nm was calculated to be 29.2 and 121.2 cm2/C, respec-
tively. Therefore, using the NIR-absorbing ruthenium 
complex as a counter electrode material can enhance both 
the attenuation range and color efficiency of a VOA de-
vice. 
In addition, the electrochemical property of redox ma-
terials should be considered, when setting up the switch-
ing voltages for VOA to operate. Because the electro-
chemical reduction of WO3 is faster than the oxidation, the 
reduction voltage should be set lower than the oxidation 
voltage, in order to achieve a shorter attenuation cycle. 
Otherwise, it will take a long time (e.g., hours) to get the 
reduced WO3 back to its neutral or bleached state during 
the electrochemical oxidation step, which results in a poor 
reversibility for the VOA device. Fig. 6 displays the at-
tenuation cycles of device B over time under the applied  
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Fig. 6.  The attenuation cycles of device B over time. Switching volt-
ages: +1―−1.8 V square wave; stepping time: 10 s; dynamic range of 
attenuation: 3.5 dB at 1550 nm. 
square-wave voltages from +1.0 to −1.8 V and with the 
10-s stepping time. Under these conditions, this VOA de-
vice showed stable and reversible cycles with a dynamic 
range of optical attenuation of 3.5 dB at 1550 nm. 
3  Conclusion 
From the comparative studies on the above two NIR 
attenuators, the results demonstrated that the use of a solu-
tion of NIR-absorbing ruthenium complex to match poly-
crystalline WO3 in ECVOA effectively improves the at-
tenuation range and color efficiency at 1550 nm. However, 
a trade-off exists for such an ECVOA device between the 
response time and the attenuation range.   
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